We present an assessment of methane (CH 4 ) atmospheric concentrations over the Amazon Basin for 2010 and 2011 using a 3-D atmospheric chemical transport model, two wetland emission models, and new observations made during biweekly flights made over four locations within the basin. We attempt to constrain basin-wide CH 4 emissions using the observations, and since 2010 was an unusually dry year, we assess the effect of this drought on Amazonian methane emissions. We find that South American emissions contribute up to 150 ppb to concentrations at the sites, mainly originating from within the basin. Our atmospheric model simulations agree reasonably well with measurements at three of the locations (0.28 ≤ r 2 ≤ 0.63, mean bias ≤ 9.5 ppb). Attempts to improve the simulated background CH 4 concentration through analysis of simulated and observed sulphur hexafluoride concentrations do not improve the model performance, however. Through minimisation of seasonal biases between the simulated and observed atmospheric concentrations, we scale our prior emission inventories to derive total basin-wide methane emissions of 36.5-41.1 Tg(CH 4 )/yr in 2010 and 31.6-38.8 Tg(CH 4 )/yr in 2011. These totals suggest that the Amazon contributes significantly (up to 7%) to global CH 4 emissions. Our analysis indicates that factors other than precipitation, such as temperature variations or tree mortality, may have affected microbial emission rates. However, given the uncertainty of our emission estimates, we cannot say definitively whether the noncombustion emissions from the region were different in 2010 and 2011, despite contrasting meteorological conditions between the two years.
Introduction
Methane (CH 4 ) is a powerful greenhouse gas that is emitted into the atmosphere from a variety of anthropogenic and natural sources. As the second most important long-lived atmospheric greenhouse gas [Myhre et al., 2013] , it has an influential role on the Earth's climate and on the oxidizing capacity of the troposphere [Prather et al., 2001] . Natural wetlands, the largest single source of methane into the atmosphere (110-284 Tg (CH 4 )/yr) [Matthews and Fung, 1987; Kirschke et al., 2013] , make up around 20-40% of the total natural and anthropogenic sources of atmospheric methane. Due to the sensitivity of wetland emissions to climate factors such as temperature and precipitation, these emissions may significantly affect the interannual variation of atmospheric CH 4 [Fung et al., 1991; Bousquet et al., 2006; Kirschke et al., 2013; Pison et al., 2013] . Similarly, CH 4 emissions from biomass burning exhibit large interannual variability due to the dependence of fire occurrence and intensity on meteorological conditions [van der Werf et al., 2010] . Due partly to the variable contribution of these natural sources, along with variations in climate [Rigby et al., 2008] and the relatively short lifetime of CH 4 (9-11 years) [Prinn et al., 2005; Fiore et al., 2008; Prather et al., 2012] , the annual growth rate of atmospheric methane varies significantly over short time scales (e.g., a few years). After a period of growth throughout the 1990s, the atmospheric growth rate of CH 4 averaged approximately zero for the period 2000-2006, after which it once again rose steadily until the present Nisbet et al., 2014] . Total methane emissions, as well as the partitioning of emissions between different source types, are not well constrained, and although several hypotheses have been proposed to explain the recent WILSON ET AL.
REGIONAL CH 4 SOURCES IN THE AMAZON BASIN 1 stabilization and subsequent regrowth of the atmospheric CH 4 budget, none of them has yet been proven conclusively. Proposed explanations of the recent stalling have included a decrease in emissions from fossil fuels [e.g., Aydin et al., 2011; Simpson et al., 2012; Kirschke et al., 2013] , stabilization of both fossil fuel and microbial sources [Levin et al., 2012] , reductions in emissions from rice paddies due to improvements in practices [Kai et al., 2011] , and variations in the magnitude of the atmospheric sink of CH 4 [Rigby et al., 2008; Montzka et al., 2011] . However, without better evaluation of CH 4 surface fluxes, particularly from tropical regions, it is difficult to properly attribute changes in the atmospheric growth rate to variations in sources and sinks.
The total global emission of methane into the atmosphere from wetland sources depends both on global wetland extent and on methane emission rate, although neither of these factors is currently well constrained [Ringeval et al., 2010; Melton et al., 2013] . The tropical regions make up the majority (50 -60%) of the total global natural wetland CH 4 source [e.g., Cao et al., 1996; Bloom et al., 2010 Bloom et al., , 2012 , and inundated wetland regions in the Amazon Basin of South America, which covers an area of approximately 6,000,000 km 2 [Poulter et al., 2010] , have been estimated to contribute significantly (24%) [Bloom et al., 2012] . Previous estimates of CH 4 emissions from the basin range from 4 to 92 Tg(CH 4 )/yr [do Carmo et al., 2006; Kirschke et al., 2013] , but until recently, a scarcity of in situ observations of atmospheric CH 4 concentrations in this region has restricted the possibility of thorough evaluation of these emission estimates.
There have been previous attempts to use inverse modeling methods along with satellite observations of atmospheric CH 4 concentrations in order to constrain emissions from the basin. However, due to limitations such as retrieval errors, the limited accuracy and coverage of remotely sensed CH 4 over the region, and a lack of in situ measurements, these studies obtained artificially large total emissions [Frankenberg et al., 2006 [Frankenberg et al., , 2008 or relatively small uncertainty reductions compared to better-observed regions [e.g., Bergamaschi et al., 2009; Fraser et al., 2013] .
In 2010, to remedy this situation, we initiated regular measurements of various atmospheric species, including CH 4 , carbon monoxide (CO), carbon dioxide (CO 2 ), and sulphur hexafluoride (SF 6 ), at four sites within the Amazon Basin [Gatti et al., 2014] . On an approximately biweekly basis, vertical profiles of these species are measured over four locations at Santarem (SAN), Rio Branco (RBA), Tabatinga (TAB), and Alta Floresta (ALF), all of which are in the Brazilian part of the Amazon Basin (see Figure 1 ). These vertical profiles extend from just above the forest canopy to approximately 4.4 km above sea level, and the locations were selected to be sensitive to fluxes from the entire basin.
This study uses these new observations of CH 4 , CO, and SF 6 along with a chemical transport model, TOMCAT [Chipperfield, 2006] , and two wetland emission models [Clark et al., 2011; Bloom et al., 2012] to reduce the uncertainty regarding methane emissions from the Amazon Basin during 2010 and 2011 and to assess the interannual uncertainty. We link differences between observed and simulated SF 6 concentrations at the Amazonian measurement sites to errors in the model latitudinal transport. Quantifying this model transport error then allows us to update the simulated background CH 4 concentrations at each of the sites. The use of tagged tracers in the transport model simulations also allows us to attribute variations in CH 4 in the lower troposphere to different source types. Fortuitously, our chosen time period allows us also to assess to some extent the effect of drought on CH 4 emissions in the region, since the Amazon suffered extremely dry conditions in 2010, while 2011 was an unusually wet year [Lewis et al., 2011; Gatti et al., 2014] . Figure 2 shows the variations in precipitation and temperature in the region for the two years in question, highlighting the unusual conditions affecting the basin in 2010 in particular. Previous studies have attempted to evaluate simulations of CH 4 using in situ observations made far downwind of the basin or with remote sensing observations of CH 4 from satellites [e.g., Frankenberg et al., 2008; Bergamaschi et al., 2009; Fraser et al., 2013] . These studies were therefore unable to directly assess local emissions of CH 4 , a problem that the observations made for this study allow us to overcome.
The rest of this study is structured as follows. Section 2 describes the new measurements of atmospheric CH 4 , CO, and SF 6 concentrations above the basin. Section 3 outlines our methodology and describes the version of the TOMCAT model and the emission inventories that were used. Section 4 describes the findings derived from the observations and model simulations and discusses their implications for constraining CH 4 emissions from the basin. Finally, we summarize the results in section 5.
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Observations
Since 2010, aircraft-borne flask air observations of a number of species, including CH 4 , CO, and SF 6 , have been made at four Amazon sites (shown in Figure 1) Figure 1a shows the location of these measurement sites within the basin. Flights are undertaken at approximately biweekly intervals above each site up to an altitude of~4.4 km, and 0.7 L flasks were filled every 300-500 m in order to provide vertical profiles. All measurements were taken between 12:00 and 13:00 local time, when the boundary layer is close to being fully developed. Flask air was subsequently analyzed for CH 4 , CO 2 , CO, N 2 O, and SF 6 concentrations at the high-precision gas analytics laboratory of L. Gatti at IPEN. For more information about these measurements, see Gatti et al. [2014] . The measurement locations were chosen in order to sample the dominant tropospheric airstream across the basin, in which air enters from the northeast and sweeps toward the mountainous regions to the west of the basin before turning back toward the southeast of the basin and the Atlantic Ocean [Gatti et al., 2014] . Thus, the two western sites (RBA and TAB) sample air that is representative of a large proportion of the tropical rainforest within the basin. Observations made at the eastern sites (SAN and ALF) sample air that is influenced by a smaller proportion of the basin, representative not only of forests but also of contributions from savannah and agricultural land. Global Biogeochemical Cycles 10.1002/2015GB005300
Model Setup
TOMCAT is a Eulerian, offline three-dimensional (3-D) chemical transport model (CTM), described in Chipperfield et al. [1993] ; Stockwell and Chipperfield [1999] and Chipperfield [2006] . For the simulations presented here, it was used with a horizontal resolution of 2.8°× 2.8°longitude by latitude, with 60 hybrid σ-p vertical levels up to 0.1 hPa. The model meteorology, including winds, temperature, and pressure data, is taken from 6-hourly ERA-Interim analyses provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) [Dee et al., 2011] and transformed onto the TOMCAT model grid using a model time step of 30 min. The TOMCAT model has been previously used for a number of studies of atmospheric composition, for example, Richards et al. [2013] , Hossaini et al. [2013] , and Monks et al. [2015] . TOMCAT simulations, completed using the same model version and setup used in this study, were submitted to the TransCom CH 4 intercomparison [Patra et al., 2011] , and TOMCAT performed well in comparison with other models and with observations when simulating tropospheric CH 4 . That study covered the period 1990-2008, and although the TOMCAT model overestimated the observed interhemispheric gradient (IHG) of CH 4 , it agreed to within 20% (and to within 10% for the period following 2003) and captured the mean observed atmospheric growth rate to within 1 ppb/yr. It also reproduced the observed seasonal cycle of CH 4 well at a number of ground-based measurement sites. TOMCAT captured the observed latitudinal gradient of sulphur hexafluoride (SF 6 ) to within 8% in all years, a performance similar to that of the other models included in the comparison, although it again overestimated the IHG compared to observations. The relatively slow interhemispheric exchange in the model implied by these results was accounted for in this study through comparison of observed and simulated SF 6 concentrations.
For this study, global model simulations of CH 4 , CO, and SF 6 were carried out for the period 2004-2011, with 3-D concentration fields of each species saved every 6 h after 1 January 2010, and vertical profiles of each species over each of the measurement sites saved hourly. The simulated concentrations were then linearly interpolated onto the altitude and time of each observation, before data from altitudes above 4 km were discarded. This altitude was chosen as the upper limit so as to ensure that the entire planetary boundary layer was included at all times while maintaining a constant altitude range that was covered by each flight. Comparisons between the modeled and observed vertical profiles up to the maximum altitude of each individual flight (not shown) indicate that the use of this 4 km cutoff rather than the full profile does not significantly affect the results. 
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In order to analyze the effect of regional emissions on the observed CH 4 concentrations within the Amazon, we split the modeled CH 4 field into a "background" contribution and "regional" contributions. The background contribution is the atmospheric signal of CH 4 from emissions that originate outside of the South American region or originate within South America but have previously been transported away from the continent. Regional contributions are those from sources located within South America that have not yet been transported away from the continent. These regional contributions were split between those from within and from outside the Amazon Basin so that
where C model represents the total modeled atmospheric concentration of CH 4 , C bkgr is the background contribution, and C basin and C SA are the contributions made by emissions from within the Amazon Basin and from South American nonbasin emissions, respectively. We define the basin as the region included in the TransCom CO 2 inverse modeling study as "tropical South America" [Gurney et al., 2002] but with regions located north of 5°N and east of 50°W removed. The purple boundary in Figure 1a shows our definition of the basin region. C basin was further split into six contributions from different emission processes as follows:
where the terms on the right-hand side of the equation represent, in order, the contributions from within the basin from anthropogenic sources (excluding biomass burning and rice), biomass burning (BB), wetlands and rice (WL/R), termites, mud volcanoes, and oceanic emissions to atmospheric CH 4 . C SA is similarly split into these six emission sectors. However, once contributions were transported out of the South American region defined by the red box in Figure 1a (30°W-90°W, 15°N-50°S), it was converted to the background tracer C bkgr and was no longer tagged according to its source type. This allowed us to evaluate the contribution of recent, regional emissions upon atmospheric CH 4 within the Amazon Basin.
Emissions
Both the CH 4 and CO emission inventories used in this study were compiled by combining individual source components. Before being used in the model, all components were averaged to give monthly mean emissions on the model grid while conserving the mass of emitted species.
1. The first set of wetland and rice emissions were derived using the method of Bloom et al. [2012] . This is a top-down method in which satellite observations of gravity anomalies are used as a proxy for water table depth. A variable methanogen-available carbon pool is updated daily, which leads to more accurate representation of the timing of methane emissions. The satellite data cannot distinguish between microbial CH 4 emissions from natural wetland regions and anthropogenic microbial emissions from rice cultivation, since both come from inundated regions, and therefore, wetland and rice CH 4 emissions are combined in this simulation [see Bloom et al., 2010 Bloom et al., , 2012 . However, the relative contribution of emissions from rice paddies in the Amazon Basin is extremely small. Yan et al. [2009] found that Brazilian rice paddy CH 4 emissions amounted to less than 0.15 Tg/yr and came mostly from nonbasin regions. The vast majority of the South American WL/R signal is therefore from natural wetland sources rather than rice paddies, especially within the Amazon Basin. WL/R emissions were derived for 2010 and 2011 for the first time for this study (i.e., as an update to Bloom et al. [2012] , in which emissions were derived up to the end of 2009). The newly derived emission estimates are based on ERA-Interim [Dee et al., 2011] surface skin temperature and the Gravity Recovery and Climate Experiment release 5 equivalent water height product [Landerer and Swenson, 2012] . The Amazonian emissions produced using this method have a seasonal cycle that peaks in March-April, when regional precipitation rates also peak [Beck et al., 2005] . This inventory is henceforth referred to as BLOOM. 2. A bottom-up model was also used to estimate global wetland emissions of CH 4 . The Joint UK Land Environment Simulator (JULES, version 3.4.1) [Clark et al., 2011 ] is a process-based model that simulates the Earth's land surface in terms of carbon, water, and energy variations and includes a wetland methane flux component, based on Gedney et al. [2004] . The CH 4 flux is dependent on the available carbon substrate, temperature, and the fraction of each grid box considered to be wetland. The version of JULES used here derives wetland fraction using the latest version of the TOPography-based hydrological MODEL [Olivier and Berdowski, 2001] . The combination of different anthropogenic emission categories and the interpolation/extrapolation of EDGAR emission maps provided for the years 1990, 1995, and 2000 are described in Patra et al. [2009] and give almost constant global anthropogenic emissions (~259 Tg/yr) after 2000. While it is unlikely that this was the case, the updated EDGAR v4.0 (http://edgar.jrc.ec.europa.eu) inventory has been shown to lead to significant overestimation compared to the observed CH 4 growth rate in the 2000s when used in models, while simulations using v3.2 were shown to agree better with observations up to 2008 [Patra et al., 2011] . Despite the fact that the continued increase in global CH 4 concentrations since 2008 may not reconcile with static anthropogenic emission totals, it was decided that the earlier emission data set would be used in this study. It should, however, be noted that the relative contribution of anthropogenic sources to CH 4 concentrations in our model simulations may be too small. 5. Biomass burning emissions come from the the Global Fire Emissions Database (GFED) v3.1 data set [van der Werf et al., 2010] , which uses remote sensing methods in order to estimate burned area and a land vegetation model to calculate fuel loads. 6. Emissions due to oceanic exchange are distributed over the coastal region [Lambert and Schmidt, 1993; Houweling et al., 1999] , and mud volcano emissions are based upon Etiope and Milkov [2004] . Emissions from termites were taken from the GISS inventory [Matthews and Fung, 1987; Fung et al., 1991] . 7. A sink due to the consumption of atmospheric methane by methanotrophs within the soils was also included. This soil sink does not vary annually, but does have a small seasonal cycle, and was obtained from the LMDZ atmospheric CH 4 inversion [Bousquet et al., 2006] . The basin contribution to the global soil sink is small (<1%).
Further details of the emission inventories used in this study, along with their total contributions to the basin-wide surface flux of CH 4 , are given in Table 1 . Figure 1 shows the seasonal mean basin-wide WL/R emissions for January 2010 to March 2010 (the "wet season," January-March, JFM) and July-September 2010 (the "dry season," July-September, JAS), and the changes to these emissions 1 year later, along with the mean BB emissions for JAS 2010. BB emissions in 2011 were relatively insignificant and are not shown.
The inventories produced by the two wetland models have a similar geographical distribution of CH 4 emissions in and around the basin in 2010. In both models, there are significant WL/R emissions toward the northern and southern sides of the basin in JFM 2010, but by the following dry season, JAS 2010, the southernmost emissions decrease significantly, while the emissions to the north of the basin increase slightly. Global Biogeochemical Cycles
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Basin-wide emissions are smaller overall during the dry season. In both seasons, the emissions in JULES are redistributed more toward the north of the continent in comparison with the BLOOM inventory. In 2011, which was a much wetter year than 2010 (see Figure 2 ), the two models display somewhat contrasting behaviors. The WL/R emissions of the BLOOM inventory increase almost everywhere throughout the basin in 2011 compared to those of 2010, especially during the wet season (although some individual grid cells do display decreased emissions). The JULES inventory, however, displays more geographically diverse changes between the two years. In JFM 2011, there are significantly larger emissions to the north and southeast of the basin than in JFM 2010, while emissions from within the basin decrease slightly. In the dry season of 2011, however, there is not much change from the previous year's dry season, although emissions do increase slightly across the south. In both cases, annual emissions from the basin are larger in 2011 than in 2010, as expected due to the increased precipitation (see Table 1 ).
Biomass burning (BB) emissions in JAS 2010 were large across much of the south of the basin, a region that generally experiences high rates of deforestation [van der Werf et al., 2010] . Aragão et al. [2008] showed that drought events such as the one that occurred in 2010 can significantly increase fire occurrence in the Amazon Basin even in years with lower rates of deforestation, however. The southernmost measurement sites in the study (RBA and ALF) are situated near areas displaying large BB emissions and so are expected to be particularly affected by these emissions. (2011), suggesting that combustion emissions are much more sensitive than microbial WL/R emissions to variations in temperature and precipitation. These differences caused by the meteorological regimes over the basin allow us to assess the effect of the drought on regional atmospheric CH 4 concentrations.
CO emissions were treated as in Monks et al. [2012] . Anthropogenic emissions were taken from the IPCC AR5 anthropogenic estimates for the year 2000 [Lamarque et al., 2010] , while the direct natural CO emissions were taken from the POET database [Olivier et al., 2003] . BB CO emissions were taken from the GFED v3.1 data set [van der Werf et al., 2010] and are therefore comparable with the CH 4 BB emission tracer. We included secondary production of CO from anthropogenic and biomass burning emitted hydrocarbons by scaling the corresponding emissions of CO upward by 18.5% and 11%, respectively, following Duncan et al. [2007] . Production of atmospheric CO from biogenic emissions of isoprene (C 5 H 8 ) was accounted for by scaling the global 568 Tg (C 5 H 8 )/yr emissions of isoprene to give 127 Tg(CO)/yr, according to the assumption that C 5 H 8 is oxidized immediately to give CO, also as in Duncan et al. [2007] . In order to account for secondary production of CO by CH 4 oxidation, a climatological monthly mean 3-D CH 4 field from a previous TOMCAT simulation and Global Biogeochemical Cycles 10.1002/2015GB005300
climatological monthly mean OH fields (described in the following section) were used to estimate atmospheric CO production, under the assumption that one molecule of CH 4 gives one molecule of CO when reacting with OH. Further details of CO emissions are given in Table 2 .
SF 6 emissions for the period were derived using a similar method to that of Levin et al. [2010] , where total surface fluxes of SF 6 are inferred from estimations of changes to the total global atmospheric SF 6 budget. We used the combined global SF 6 concentration data provided by the Halocarbons and other Atmospheric Trace Species Group as part of the NOAA/ESRL measurement network, which is derived from a global network of flask and in situ measurements. Using this data to find the annual mean increase in the atmospheric SF 6 budget, we applied scaling factors to the EDGAR v4.0 distribution of SF 6 emissions for 2005. SF 6 is emitted almost entirely from anthropogenic sources, meaning that the geographical distribution of the surface flux of the species is well understood [Levin et al., 2010] . The global SF 6 emissions that we derived using this method were approximately 7.8 Gg SF 6 /yr in both 2010 and 2011.
Chemistry
The chemical destruction of CH 4 in the atmosphere was treated as in Patra et al. [2011] . Three-dimensional monthly mean climatological OH fields were provided for online calculation of CH 4 loss in the model and were produced by combining semiempirically calculated tropospheric distributions [Spivakovsky et al., 2000] with two-dimensional (2-D) model simulated stratospheric output. The OH fields were then uniformly reduced by approximately 8% in order to match atmospheric loss rates of methyl chloroform (MCF, CH 3 CCl 3 ) [Huijnen et al., 2010] . The loss of CH 4 was then determined using the kinetic loss rate of
where T is temperature (K) and k has units of cm 3 molecule À1 s À1 , as used in Patra et al. [2011] . Reaction (R1) was also used to provide the chemical source of CO from CH 4 . For CH 4 reactions with Cl and O( 1 D) radicals in the stratosphere, parameterized loss rates were based on the Cambridge 2-D model [Velders, 1995] , also as in Patra et al. [2011] . Reaction rates are taken from Sander et al. [2006] . The climatological OH fields were also used in order to calculate atmospheric CO loss in the model, using the kinetic loss rate
where [N 2 ] is the atmospheric concentration of nitrogen gas (N 2 , molecules cm
À3
) as used in Monks et al. [2012] .
SF 6 is inert in the troposphere and stratosphere and had no atmospheric sinks included in the simulations. A constant offset was applied to the global SF 6 concentration by removing the mean model-observation bias in January 2010 at the South Pole NOAA/ESRL station (90.0°S) (approximately 0.12 parts per trillion, ppt).
SF 6 -Based Correction of Background CH 4
In order to remove any initial bias between the modeled and observed CH 4 concentration, a constant offset of 10 ppb was added to the simulated background CH 4 . This value was chosen to match the mean concentration of all observations made at the remote station at Ragged Point, Barbados (RPB, 59.4°W, 13.2°N), in January 2010 as part of the NOAA/ESRL observation network. RPB is located to the north of the Amazon Basin, and the air sampled there is therefore representative of the background CH 4 concentration. After applying this constant offset, the model captures the observed variation at RPB throughout 2010 and 2011 fairly well when using both of the wetland emission inventories included in the study (BLOOM: r 2 = 0.44, p < 0.01, mean bias = À10.1 ppb; JULES: r 2 = 0.52, p < 0.01, mean bias = À4.5 ppb; see supporting information), although the JULES inventory captures the small positive trend better than the BLOOM inventory does. In both cases, however, the observed trend at RPB is larger than the simulated trend. This may lead to overestimation of basin-wide emissions in 2011 in our analysis, having a larger effect when using the BLOOM inventory than the JULES inventory, and it should therefore be noted that the emission estimates provided in this work may be artificially high. No offset was applied to simulated CO.
In order to accurately assess the effect of only local and regional emissions of CH 4 within Amazonia, it is vital to obtain an accurate estimation of the background CH 4 concentration at the sites. While TOMCAT model simulations of CH 4 generally perform well in comparison with observations [Patra et al., 2011] , it has been suggested that the interhemispheric transport in the model is a little slow, and if so, this will affect the model's performance at SH sites like those in the Amazon Basin. Here we used the observed SF 6 concentrations at the Amazon sites to correct the model transport of background air and therefore improve the simulated background CH 4 concentrations. Figure 4 shows the modeled and observed mean SF 6 concentrations below 4 km at each of the sites for 2010 and 2011. While the model generally captures the observed growth rate and timing of the large-scale variations at the sites well, there are sometimes significant errors between the observed and simulated values. The model-observation mismatch is likely to stem from transport errors in the model, with the movement of the ITCZ playing an important role in the seasonal variation of SF 6 and CH 4 at these sites. In addition, the simulated trend in SF 6 is slightly larger in the model than the observed trend. Since the SF 6 emissions used in the model are based on the observed atmospheric growth rate, this is also likely due to model transport errors.
Here we describe our method of correcting the simulated background CH 4 concentrations using the discrepancies between the observed and simulated SF 6 concentrations. At each site, we altered the linear trend of the simulated SF 6 concentrations to match that of the observations at that site. Both the simulated and observed linear trends were derived only from the concentrations during May-September, which were assumed to representative of the Southern Hemisphere SF 6 trend. Next, we extracted the latitudinal distribution of simulated SF 6 and background CH 4 at the longitude of each Amazon site at the time that each flight at that site was undertaken. Making the assumption that the model-observation SF 6 error at each site was due only errors in the north-south ITCZ movement, we found the latitude at which the model SF 6 concentration 
Results and Discussion
Spatial and Temporal Variation of Amazon CH 4
The observed data together with the model simulations allow us to analyze the temporal and spatial variation of Amazon CH 4 throughout 2010 and 2011. Figure 5 shows the observed ( ≤4 km mean) CH 4 concentrations at each site for 2010 and 2011. Although each site displays a distinct pattern of temporal variation and no site displays an obvious seasonal cycle, the majority of the enhancements to CH 4 concentration generally occur between March and October. Monthly mean concentrations were found at each location and were then used to derive annual means. If, in either year, there was a month in which no flights were undertaken, that month was not included in the annual mean for either of the years so that they would be comparable. The change to the annual mean CH 4 concentration between 2010 and 2011 displays little consistency between the different measurement sites, and the relatively small number of measurements makes it difficult to assess the significance of the changes. At SAN, the annual mean concentration rises by 5.5 ppb in 2011 compared to 2010, while there is a 2.5 ppb increase at ALF. However, there is no change in annual mean concentration at RBA, and TAB displays a 2.8 ppb decrease in 2011 compared to 2010. While these mean concentrations are likely to be affected by the relatively low temporal resolution at which the observations are made, meaning that the year-on-year changes are insignificant at all sites ( p > 0.05), they indicate that there may have been slightly larger CH 4 concentrations over the eastern site of the basin (affecting SAN and ALF) in 2011 than in 2010. The western basin, however, may have experienced little change or even a slight decrease in concentrations during 2011. Globally, the mean atmospheric CH 4 growth rate was approximately 5-6 ppb between 2010 and 2011 [McNorton et al., 2016] , so concentrations at three of the basin sites appear to have experienced significantly less growth than the global average. At all sites, the values of minimum concentrations are almost identical in 2010 and 2011, while the timing and magnitude of CH 4 enhancements varies in each year. This means either that there is little change to the background methane concentration or to the regional emissions, or that both the background concentration, and the regional emissions have changed in opposing directions so as to produce little overall variation.
The tagged model simulations allow us to evaluate the effect that background CH 4 variations had at each of the sites. Observed and modeled mean CH 4 concentrations are shown in Figures 6 and 7 . In order to investigate the effect of only South American CH 4 emissions at each site, the standard modeled background CH 4 concentrations have been subtracted both from the modeled and observed total CH 4, leaving the modeled and observed "regional contributions." Also shown are the SF 6 -based modeled background CH 4 values between the two simulated regional contributions at each site being greater than 0.85 (and > 0.96 at ALF and SAN). Simulated South American contributions to CH 4 at ALF, TAB, and RBA compare well with the observations using both WL/R inventories (mean bias (MB) of 4.9, À8.9, and À2.9 ppb, respectively, using BLOOM; MB = À7.4, À9.4, À7.3 ppb, respectively, using JULES) and track the observed time variation in CH 4 fairly well (BLOOM r 2 = 0.34, 0.28, 0.63; JULES r 2 = 0.33, 0.30, 0.49, p < 0.01 in all cases), although there are often instances when the observed methane concentration is significantly underestimated or overestimated in the model. Introducing the SF 6 -based background concentration significantly diminishes the model performance at each station (MB = 9.9, À12.3, À2.0 ppb using BLOOM, MB = À2.5, À13.1, À5.5 ppb using JULES; BLOOM r 2 = 0.11, 0.03, 0.22; JULES r 2 = 0.12, 0.0, 0.19; all correlations insignificant at p < 0.01).
This suggests that the assumptions that our SF 6 adjustment method is based upon may be incompatible with 
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the atmospheric model transport and/or the emission inventories. However, the use of this method provides an indication of the influence of model transport uncertainty on the comparisons and our estimates of methane emissions from within the basin.
At SAN, the observed enhancements from South American emissions were often larger than 100 ppb, with a maximum regional contribution of up to 150 ppb in September 2011. Enhancements of this magnitude were not observed at any of the other locations. Since observations made at SAN sample only a small proportion of the basin, this might indicate significant local emissions that were dispersed by the time they reach the other sites or possibly more elevated background concentrations than at the other measurement locations, which were not captured by the model. The large standard deviation displayed by many of the observations at SAN is due to significantly larger concentrations in the boundary layer than in the free troposphere (not shown), which is indicative of large local emissions. Here, unlike at the other sites, simulated CH 4 does not capture the magnitude of the observed concentrations (MB = À43.2 À À31.7 ppb). Simulated CH 4 concentrations at SAN are not significantly affected by contributions from South American emissions, which provide as little as 10 ppb and a maximum of 55 ppb to the total. This leads us to suggest that there are significant but localized recurrent fluxes of CH 4 near SAN that are not currently included in the emission inventories used in this study.
At all four sites, the standard model background CH 4 concentration generally varies between 1750 and 1830 ppb and displays a marked seasonal cycle, increasing during the boreal winter as the intertropical convergence zone (ITCZ) moves south of the equator. As the ITCZ moves south, the air samples taken within the basin are likely to contain a larger contribution from the Northern Hemisphere (NH) than samples taken when the ITCZ is further north. The seasonal cycle is significantly less pronounced in the SF 6 -based background concentrations, however. According to the standard model background, the seasonal influence of NH background air lasts longer in 2011 than in 2010, especially at the two northern locations. Marengo et al. [2011] showed that during early 2010 sea surface temperatures in the tropical North Atlantic Ocean were anomalously high, which has been shown to be associated with a more northward shift in the position of the ITCZ during NH spring [Li et al., 2006; Malhi et al., 2008; Zeng et al., 2008] . Increased tropical North Atlantic SST has also been linked to droughts within the basin in 2005 and 2010 among other years [Lewis et al., 2011] . The SF 6 -based background concentrations do not display the same prolonged influence of the ITCZ in 2011 as seen in the standard model. At TAB in particular, the standard model significantly overestimates the concentration of background CH 4 in early 2011 compared to the SF 6 -based background. The reduction of background CH 4 concentrations at the start of each year when applying the SF 6 correction implies larger regional emissions during January-April than those indicated by the standard model background concentrations.
Both the standard and the SF 6 -based model background CH 4 display increased annual mean concentrations in 2011 compared to 2010. Apart from the standard model mean background concentration at RBA, which increases by less than 1 ppb when using either WL/R inventory, each site displays an increase of between 4 ppb and 9 ppb. This is comparable to the global growth rate of approximately 6 ppb across the two years. This leads us to suggest that the relatively stable observed concentrations at the sites is due to decreased emissions in 2011 compared to 2010, which cancel the effect of increasing background concentrations.
Source Attribution of Amazon CH 4
At ALF, TAB, and RBA, emissions from WL/R sources give the largest contribution (12-87%) throughout the period, with smaller contributions from anthropogenic sources and, to a much lesser degree, termites. Emissions from biomass burning sources make significant contributions during 2010 but contribute only very little in 2011. Unsurprisingly, the majority of the anthropogenic contribution originates outside of the basin (indicated by hatched sections), while WL/R and BB sources are largely contained within the basin (unhatched sections). However, the relative contribution of basin and nonbasin emissions varies with time.
Generally, the influence of nonbasin South American emissions is larger in the dry season than the wet season. At the western sites (RBA and TAB) especially, the nonbasin South American contribution is almost zero during each wet season.
Depending on whether the standard or SF 6 -based background is used, the model either captures or overestimates the regional contribution of BB sources to a small extent during the dry season of 2010 at RBA. However, the model significantly overestimates the regional contribution at this time (by up to 80 ppb) at
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TAB and particularly at ALF, mainly due to a significant contribution from BB emissions. ALF is located closest to the region of significant BB emissions (see Figure 1) , and it appears either that the magnitude of these emissions is overestimated or that the model's representation of transport to this site is inaccurate. One possibility is that due to the model's horizontal grid resolution of 2.8°, there is a numerical diffusion effect that is artificially spreading the BB emissions toward the site, although since each of the surrounding model grid boxes contains similarly high concentrations from BB emissions (not shown), this is unlikely. Bloom et al.
[2015] compared basin-wide carbon emissions during the dry seasons of 2007 and 2010 and found that despite total burned area within the basin being similar in these two years, it was extremely likely that a reduction in biomass combustion rates in 2010 contributed to smaller total carbon fire emissions. Also, increased combustion efficiency in the region in 2010 was a smaller contributing factor to reduced emissions of CO (and likely also CH 4 ). The performance of the GFED inventory in our simulations suggests that the methodology used to derive CH 4 and CO emissions in the inventory may not have fully taken account of the changes to combustion rates and efficiency in 2010.
The modeled and observed CO concentrations allow us to examine the effect of BB emissions on the sites, since CO is a good tracer of these combustion emissions (e.g., Monks et al. [2015] ). Figure 8 shows the observed and simulated mean concentrations of CO at each of the four sites. As with CH 4 , the measurements made at TAB, RBA, and ALF display higher concentrations due to BB emissions in 2010 than in 2011. The model captures the timing of the observed variations well, with high correlations at each of these three sites (r 2 > 0.8). However, the effect of BB emissions in the simulations is too large at TAB, RBA, and ALF (where the model overestimates the observed concentrations by up to 500 ppb) in 2010. Assuming that the relative emission factors used to compile the CH 4 and CO BB emissions are correct [van der Werf et al., 2010] , it is therefore likely that the contribution of BB emissions to the simulated CH 4 concentration at these sites is also overestimated. Again, it is difficult to ascertain whether this is due to errors in the magnitude and location of the BB emissions or in the model transport.
As with CH 4 , the observations of CO made at SAN display different behavior compared to the other three locations, as the site is not significantly affected by biomass burning emissions. CO concentrations at the site are therefore much smaller than at any of the other locations. The observations at SAN indicate enhancements of 100-200 ppb toward the end of each year that are not captured in the model and are not seen at the other sites, which may be due to relatively small local biomass burning or anthropogenic sources that are not included in the model emission inventories. The fact that these enhancements occur during the end of the basin-wide fire season in September to November indicates that they may be most likely from BB sources. Kaiser et al. [2012] showed that the GFED v3.1 inventory underestimates combustion emissions in some regions due to the missed contribution of undetected small fires. The relatively small enhancements of CO at SAN (compared to those at other sites) can provide some information about the nature of the significant enhancements of observed CH 4 at the same site. Atmospheric CO concentrations are generally more readily affected by BB sources than CH 4 concentrations, and it is therefore likely that if the CH 4 enhancements observed at SAN came from combustion sources, we would also expect to see significantly enhanced CO concentrations at the same time. Also, CH 4 enhancements at SAN occur frequently throughout each year, while the timing of the CO enhancements is toward the end of each year. The lack of correlation between CO and Global Biogeochemical Cycles
CH 4 concentrations at SAN therefore indicates that the large CH 4 enhancements at SAN are more likely to be a result of elevated local emissions from microbial sources than from combustion sources.
Amazon CH 4 Balance and Comparison With Existing Estimates
Together, the observations and model simulations of CH 4 allow us to draw conclusions about Amazonian Basin CH 4 emissions. The greatest uncertainty surrounding emissions from South America concerns the magnitude, distribution, and timing of wetland emissions. The generally small mean biases between the simulated and observed concentrations at three of the sites therefore indicates that the total annual basin-wide emissions of 32.3-33.4 Tg/yr in 2010 and 28.8-29.0 Tg/yr in 2011 that were used in the model can broadly reproduce the mean observed atmospheric signal. Mean absolute model biases at each site over the period are smaller than 10 ppb when using the standard model background CH 4 and below 14 ppb when using the SF 6 -based background concentrations. Generally, the simulated values are lower than the observed concentrations at the western sites and are too high at ALF, indicating that total prior emissions may be too low and that the geographical distribution of emissions or the model transport is incorrect. In order to further evaluate the accuracy of the emissions, we estimated optimal scaling factors (λ) to the South American biomass burning emissions (λ BB ) and to the remaining South American emissions (λ SA ) for 2010 and 2011 in order to minimize a weighted-mean bias between the model and the observations at TAB, RBA, and ALF, where ALF was giving a weighting one third that of RBA and TAB, since it samples air representative of a much smaller proportion of the basin [Gatti et al., 2014] . Observations made at SAN sample air that is representative of a relatively small proportion of the Amazon Basin and are therefore disproportionately affected by localized emissions, so these were not used in order to derive scaling factors. In order to reduce the effect of observations made within a short time of each other, observed and modeled concentrations were binned to create monthly mean values, before each λ was found as a weighted average of the individual scaling factors. We used only CO concentrations during June-September in order to find an independent λ BB for each year.
Assuming the relative burning emission factors for CO and CH 4 are correct, we then applied λ BB to the South American CH 4 biomass burning emissions and used the rescaled simulated concentrations to find λ SA for each 3 month period during 2010 and 2011. This is a relatively simple way of finding an optimum scaling factor to apply to the emissions, and it makes the assumption that the background CH 4 is correct and that the difference between the model output and the observations are therefore due only to errors in the South American emissions. It also does not allow for any geographical redistribution of the emissions and assumes a linear relationship between emissions and concentrations in each 3 month period, without allowing correlations between time periods. However, it provides a first assessment of the model's accuracy against observations without the need for a more complex inverse modeling method, which may be used in the future in order to better constrain the emissions. The results of this scaling are summarized in Table 3 . Figure 9 shows the seasonal CH 4 bias between the model and the observations at each measurement site before and after the scaling factors have been applied.
We find that our prior estimate of BB emissions decreases by 42% in 2010 and increases by 30% in 2011 in order to minimize the mean bias between simulated and observed CO concentrations. Applying these scaling factors to our prior CO and CH 4 emissions gives total combustion emissions of 55.7 Tg CO and 3.1 Tg CH 4 in 2010, and 11.6 Tg CO and 0.6 Tg CH 4 in 2011. These scaling factors imply that total BB emissions in Amazonia in 2011 were approximately 20% of those emitted in 2010, rather than 10% as suggested by our 
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prior inventories (although, as mentioned, the GFED inventory does not fully account for smaller fires). After application of λ BB , the scaling factors applied to the remaining South American emissions produces larger total annual emissions than those of the prior inventories, as a result of the generally negative model biases at RBA and TAB. Depending on the WL/R inventory and the model background CH 4 values used, we find annual CH 4 emissions in 2010 of 36.5-41.1 Tg and annual emissions of 31.6-38.8 Tg in 2011. Our prior annual emissions are 32.4-33.5 Tg(CH 4 )/yr in 2010 and 28.8-29.0 Tg(CH 4 )/yr, and so the posterior emissions are larger than the respective prior in both cases. The mean increase compared to the prior is 6.4 Tg/yr in 2010 (significant at the 95% confidence level using a student's t test) and 6.2 Tg/yr in 2011 (significant at the 90% confidence level). As a result, the annual mean absolute bias (MAB) between the simulated and observed regional contributions is reduced at all sites (including SAN) during both years when using the JULES wetland model and either CH 4 background estimate (annual MAB reduction ranges from 2% to 68%). Using the scaling method on the BLOOM inventory also generally decreases the annual MAB by up to 65%, except at ALF in 2011 when using the SF 6 -based background and at RBA in 2011 when using either background. It may be that the geographical distribution of the BLOOM inventory is incompatible with the attempted simultaneous reduction of the errors across all sites. The inflexibility of the geographical distribution of emissions means that time periods when the model biases at RBA and TAB are large and of opposing signs (e.g., OctoberDecember 2010) are difficult to resolve through application of a single scaling factor for the region. An inversion method that independently scales emissions in different regions of the basin would have better success in improving the model performance across all stations.
There are few previous studies that explicitly provide basin-wide estimates of CH 4 emissions with which to compare our emission estimates. We have summarized the results of previous studies, along with their methodologies and the regions over which their results were reported in Table 4 and along with the results of this study for comparison purposes. Melack et al. [2004] up-scaled field measurements of CH 4 emission rates using remote sensing data to find basin-wide wetland emissions of 29 Tg(CH 4 )/yr (based on a basin area of 5 × 10 6 km 2 , using data from the 1980s and 1990s). Miller et al. [2007] used observations made at SAN and at another site within the basin, Manaus (59.1°E, 2.3°S), to estimate average basin-wide emissions from all Global Biogeochemical Cycles )/yr) using a suite of process models. They found that bottom-up models estimated much larger emissions from Tropical South America than those that used top-down methods.
Together, these previous studies provide relatively wide bounds of 4-92 Tg(CH 4 )/yr for basin emissions. However, with the exception of Melack et al. [2004] and the top-down models in Kirschke et al. [2013] , the previous studies generally indicate larger emissions than we report here. Those two .7
Wetlands 2000-2009 17-48 (mean: 28) Global Biogeochemical Cycles 10.1002/2015GB005300 studies do agree fairly well with each other and with our findings, however. In most cases, there are clear responsible factors for the discrepancy between our results and the findings of other studies, such as the reporting of emissions over regions larger than only the Amazon Basin, up-scaling of results of measurements from relatively few locations or, in the case of Miller et al. [2007] , the reliance on observations made at sites which are now known not to be representative of the entire basin. Assessing the level of agreement between this work and previous studies is therefore difficult, but our estimates fall well within the boundaries of previous work, and significantly reduce the associated uncertainties.
Response of Amazon CH 4 to Changing Meteorological Conditions
The different governing meteorological conditions in 2010 and 2011 provide an opportunity to examine the sensitivity of CH 4 emissions in the Amazon to changes in temperature and precipitation. Figure 2 shows the precipitation and temperature variations in the basin in 2010 and 2011 compared with the mean over the period 2004-2011. 2010 was significantly drier and warmer than usual across almost the entire basin. February and March were extremely warm and dry (anomalies in these months > 1σ from the average), as were September and October. Rainfall and temperature in May-August returned toward average values for the period. The most significant departures from the average temperature and precipitation values were in early 2010, and during this time the regional component of the observed CH 4 concentration is highly dependent upon whether the standard or SF 6 -based background concentration is used, particularly at the western sites. Assuming that the SF 6 -based background is correct suggests that the high temperatures in the region led to significant regional emissions despite the significantly reduced rainfall, but this cannot be inferred from the standard model background. However, both backgrounds indicate enhancements at RBA, TAB, and ALF during April-May 2010, corresponding with the period when the temperature was still significantly above average and total precipitation increased back toward average. This may imply that the sudden increase in rainfall combined with elevated temperatures led to increased microbial CH 4 emissions during these months. The drought also led to increased BB emissions later in 2010 although, as discussed, observed atmospheric CH 4 concentrations are not affected as greatly by these combustion emissions as they are in the model.
The increased precipitation in 2011 occurred mostly toward the east of the basin between January and April, when temperatures were cooler than average. However, the dry season in 2011 was actually drier and warmer than that of 2010. The last few months of 2011 returned toward average values.
The observed regional concentrations are relatively low at the beginning of 2011, corresponding to the period of low temperatures. However, throughout the remainder of the year, concentrations are similar to those of 2010, with significant enhancements seen at all sites despite only a very small contribution from BB emissions. It is possible that the combination of high rainfall totals early in the year combined with high temperatures in July and August led to ideal conditions for microbial emissions in the basin throughout the middle of 2011.
Our analysis suggests that the meteorological variations between the two years may have had little effect on the magnitude of the noncombustion emissions of CH 4 into the atmosphere from the Amazon Basin. The scaling factor analysis infers noncombustion emissions of 33.4-38.0 Tg/yr in 2010 and 31.0-38.2 Tg/yr in 2011. Due to the relatively small number of observations used to derive these values and the remaining model-observation error after the analysis, the differences between the two ranges is not significant (the difference between emissions in 2010 and 2011 is not significant at the 90% confidence level using a student's t test). Assuming that anthropogenic emissions were relatively stable between the two years, this therefore suggests that wetland emissions in the region were fairly consistent in 2010 and 2011, although the range of uncertainty in these estimates does allow for some variation. While it may be counter intuitive that basin-wide wetland emissions could have been similar during 2 years with very different meteorological regimes, it may have been that increased temperatures in early 2010 offset the effect of the reduced precipitation. These results indicate that variations in surface temperature may have had an important effect on basin-wide emissions of WL/R CH 4 emissions in each of these meteorologically atypical years. One possibility is that decreased water table depth during the drought conditions of 2010 actually led to enhanced methane emission rates due to increased ebullition rates in drought-afflicted inundated regions as a result of lower levels of hydrostatic pressure for gas bubbles to overcome. In addition, the increased tree mortality due to the drought conditions [Lewis et al., 2011] However, other possible reasons for our findings include (i) oversensitivity to the western side of the basin, where the precipitation differences were less pronounced between 2010 and 2011 than toward the eastern side (see Figure 2) , due to our decision to exclude SAN from the analysis and the small weighting given to ALF; (ii) the relatively small number of total observations used in finding λ; (iii) the inflexibility of the geographical distribution of basin-wide emissions when finding λ; and (iv) inherent difficulties in simulating the background methane concentrations in the basin even after the use of SF 6 observations to constrain it. Indeed, our findings are in contrast of those of Bloom et al. [2010] , who found that water table depth was the strongest factor for determining wetland CH 4 emissions in tropical regions and that 2010 had much smaller WL/R emissions than 2011. Further investigation into the role of temperature and precipitation variations on Amazon wetland emissions during 2010 and 2011 is necessary to support our finding.
Further understanding of the processes governing methane emission into the atmosphere would also help to improve bottom-up models, which are currently not in good agreement, especially in the Amazon region [e.g., Melton et al., 2013] .
Summary
We have used the TOMCAT CTM to analyze a new set of in situ observations from 2010 and 2011 that are representative of the majority of the Amazon Basin in order to provide a constraint for basin CH 4 emissions and attribute them to source processes. While 2010 was a dry and warm year, 2011 was much wetter and somewhat cooler, allowing some assessment of the sensitivity of CH 4 emissions to climate variations. We find that the observations do not display a significant seasonal cycle, although this is partly due to variations in transport of background CH 4 masking changes in South American emissions. Background CH 4 concentrations are elevated by recent South American emissions by up to 130 ppb, except at SAN where South American emissions contribute as much as 150 ppb to the total atmospheric concentration. Variations in precipitation and temperature between the two years induce changes in the annual mean observed CH 4 of up to 5.5 ppb and alter the timings of enhancements of regional emissions. However, the observed atmospheric concentration at three of the measurement locations increases by less than the observed global growth rate, possibly due to emission changes in the region masking changes to the background CH 4 concentration.
We used estimates of wetland emissions from two models, one a top-down model and one a process-based bottom-up model. While the geographical distribution produced by the two models is different, the total basin-wide emissions are within 1 Tg of each other in both years. This leads to similar performances when the atmospheric model is compared to the observations regardless of which model is used.
Estimating the background CH 4 concentration at each of the sites allows us to assess the contribution of regional sources only to the observed concentration but relies on accurate model performance. In order to attempt to improve the accuracy of the simulated background concentrations, we applied a correction to the model background based on observed SF 6 concentrations. This significantly reduced the magnitude of the seasonal cycle of background CH 4 at each site and therefore led to larger estimates of basin-wide emissions, by up to 4.2 Tg in 2010 and up to 7.2 Tg in 2011.
When using the standard model background CH 4 concentrations, there is generally good agreement (r 2 > 0.2, p < 0.01, MB < 9.5 ppb) between the simulated and observed CH 4 at TAB, RBA, and ALF. In contrast, the model is not able to capture the magnitude or seasonality of variations at SAN, the site located in the northeast of the basin. This might indicate significant emissions near SAN that are not included in the model, although, due to the methodology of this study, this relies on the accuracy of the simulated background concentrations. Use of the SF 6 -based background concentrations, however, reduces the accuracy of the model performance in comparison with the observations.
Our prior combined wetland and rice emissions from the wetland models were 19.5-20.6 Tg(CH 4 )/yr in 2010 and 20.8-21.0 Tg(CH 4 )/yr in 2011, the relatively small variation indicating robustness against changes in local precipitation and temperature. Since rice cultivation is not significant within the basin, this total is made up almost exclusively of wetland emissions. Based on simple statistical analysis using observed and simulated CH 4 at TAB, RBA, and ALF, we find posterior basin-wide noncombustion emissions of CH 4 of Global Biogeochemical Cycles 10.1002/2015GB005300
33.4-38.0 Tg/yr in 2010 and 31.0-38.2 Tg/yr in 2011, significantly reducing the uncertainty surrounding previous estimates due to the new observations of CH 4 concentrations within the basin. However, the uncertainty still associated with these estimates is greater than the interannual variability displayed by the prior emission estimates, meaning that it is not possible to ascertain whether the different prevailing conditions over the basin in 2010 and 2011 significantly affected the total wetland emissions from the region.
Comparison of the modeled and observed CH 4 and CO indicates that biomass burning emissions in 2010 were approximately a factor of 6 larger than those in 2011, not a factor of 11 as assumed in the prior emissions taken from the GFED v3.1 inventory. This is mainly due to a reduction of 42% in 2010 compared to the prior emissions, when drought conditions led to significant levels of biomass burning compared to this during the following wetter year. The relatively good model simulation of CO at SAN indicates that the large observed enhancements of the CH 4 concentration at the same site, which are not captured in the model simulations, were likely to be microbial in nature, rather than originating from combustion sources.
The forward model study described here is a good precursor to a potential inverse modeling study, in which a model could be used to optimize the emissions of CH 4 so that model-observation differences are minimized, such as in Bergamaschi et al. [2009] and Fraser et al. [2013] . In such a study, the new observation data set described here may be assimilated within the inversion or held back in order to provide validation of results. We plan to use the inverse model described in Wilson et al. [2014] in order to perform a top-down analysis of Amazon CH 4 emissions. Current satellite platforms including Greenhouse gases Observing SATellite [Kuze et al., 2009; Parker et al., 2011] and Infrared Atmospheric Sounding Interferometer [Razavi et al., 2009] are both able to provide remote sensing observations of methane that cover the Amazon Basin. Inverse modeling methods have the advantage that they provide information regarding the spatial distribution of emissions from within the basin, and might highlight regions with significant emissions not manifesting in bottom-up models, such as at SAN, where it would be beneficial to further investigate the mechanisms governing natural CH 4 emission rates.
Our study provides for the first time an estimate of Amazon CH 4 emissions based on in situ measured data representative of the entire basin [Gatti et al., 2014] , which provides higher sensitivity to local surface emissions than possible when using remote sensing methods and also avoids the potential biases of such approaches. The posterior basin-wide CH 4 emissions reduce the annual mean absolute bias at each individual measurement site, except in some cases when using the BLOOM emissions. Our analysis suggests that Amazonian emissions contributed between 5.5% and 7.5% of global CH 4 emissions during this time (assuming global emissions of 556 Tg CH 4 /yr [Ciais et al., 2013] , despite small contributions from anthropogenic sources within the basin. This is a significant contribution to the global atmospheric CH 4 budget and given that anthropogenic emissions of CH 4 contribute up to 65% of the total methane flux into the atmosphere [Prather et al., 2012] , this means that the basin may emit 14-20% of the planet's natural emissions of CH 4 . This is a highly significant contribution from a region that covers approximately 4% of the planet's land surface area (assuming global land surface area of 1.47 × 10 8 km 2 and Amazon Basin area of 6 × 10 6 km 2 ).
